Inhibitory interneurons comprise a fraction of the total neurons in the visual thalamus but are essential for sharpening receptive field properties and improving contrast-gain of retinogeniculate transmission. During early development, these interneurons undergo long-range migration from germinal zones, a process regulated by the innervation of the visual thalamus by retinal ganglion cells. Here, using transcriptomic approaches, we identified a motogenic cue, fibroblast growth factor 15 (FGF15), whose expression in the visual thalamus is regulated by retinal input. Targeted deletion of functional FGF15 in mice led to a reduction in thalamic GABAergic interneurons similar to that observed in the absence of retinal input. This loss may be attributed, at least in part, to misrouting of interneurons into nonvisual thalamic nuclei. Unexpectedly, expression analysis revealed that FGF15 is generated by thalamic astrocytes and not retino-recipient neurons. Thus, these data show that retinal inputs signal through astrocytes to direct the longrange recruitment of interneurons into the visual thalamus. astrocyte | thalamus | interneuron L ocal GABAergic interneurons comprise only a fraction of the total neurons in the mammalian brain but are essential for controlling the spatial and temporal spread of excitatory activity. The development of these inhibitory interneurons, and their incorporation into neural circuits, is a protracted process that includes both cell-autonomous mechanisms for the acquisition of cell-type specification and noncell-autonomous ones for the regulation of their recruitment and circuit assembly (1, 2). While mechanisms underlying these processes have been studied extensively in the neocortex (3), they remain poorly understood in the visual thalamus. In rodents, the primary retinorecipient regions of visual thalamus include the dorsal lateral geniculate nucleus (dLGN), ventral LGN (vLGN), and intergeniculate leaflet (IGL). These nuclei receive input from a highly diverse group of retinal ganglion cells (RGCs) but only the dLGN serves as a relay of retinal information to the visual cortex (4-6). Unlike many other regions of rodent thalamus, these three nuclei each contain local GABAergic interneurons (6-8).
Inhibitory interneurons comprise a fraction of the total neurons in the visual thalamus but are essential for sharpening receptive field properties and improving contrast-gain of retinogeniculate transmission. During early development, these interneurons undergo long-range migration from germinal zones, a process regulated by the innervation of the visual thalamus by retinal ganglion cells. Here, using transcriptomic approaches, we identified a motogenic cue, fibroblast growth factor 15 (FGF15), whose expression in the visual thalamus is regulated by retinal input. Targeted deletion of functional FGF15 in mice led to a reduction in thalamic GABAergic interneurons similar to that observed in the absence of retinal input. This loss may be attributed, at least in part, to misrouting of interneurons into nonvisual thalamic nuclei. Unexpectedly, expression analysis revealed that FGF15 is generated by thalamic astrocytes and not retino-recipient neurons. Thus, these data show that retinal inputs signal through astrocytes to direct the longrange recruitment of interneurons into the visual thalamus. astrocyte | thalamus | interneuron L ocal GABAergic interneurons comprise only a fraction of the total neurons in the mammalian brain but are essential for controlling the spatial and temporal spread of excitatory activity. The development of these inhibitory interneurons, and their incorporation into neural circuits, is a protracted process that includes both cell-autonomous mechanisms for the acquisition of cell-type specification and noncell-autonomous ones for the regulation of their recruitment and circuit assembly (1, 2) . While mechanisms underlying these processes have been studied extensively in the neocortex (3), they remain poorly understood in the visual thalamus. In rodents, the primary retinorecipient regions of visual thalamus include the dorsal lateral geniculate nucleus (dLGN), ventral LGN (vLGN), and intergeniculate leaflet (IGL). These nuclei receive input from a highly diverse group of retinal ganglion cells (RGCs) but only the dLGN serves as a relay of retinal information to the visual cortex (4) (5) (6) . Unlike many other regions of rodent thalamus, these three nuclei each contain local GABAergic interneurons (6) (7) (8) .
The dLGN, similar to the neocortex, contains a small percentage (10 to 20%) of GABAergic interneurons (8) (9) (10) . In contrast to the great diversity of interneuron subtypes in the neocortex (1) , dLGN interneurons are homogeneous, clustering into just one or two subtypes based on morphology, intrinsic membrane properties, gene expression, and embryonic origin (11) (12) (13) (14) . GABAergic interneurons in dLGN receive monosynaptic input from RGCs and provide feedforward inhibition onto excitatory thalamocortical relay cells (15) (16) (17) . Such input serves to sharpen receptive field properties and improve the contrast-gain of retinogeniculate transmission (17) (18) (19) (20) . In contrast to the dLGN (and neocortex), a significantly higher fraction of cells in the vLGN and IGL are GABAergic (6, (21) (22) (23) (24) . The connectivity and function of these GABAergic neurons remains unclear; however, they appear to represent a heterogenous collection of cell types based on their distribution, gene and neurochemical expression, and projection patterns (5) (6) (7) 25) .
Despite the presence of GABAergic interneurons in the visual thalamus of the adult mouse, these cells are largely absent at birth when RGC axons innervate these nuclei (12) . Also lacking from the visual thalamus at these early ages are nonretinal inputs that arise from the neocortex, brainstem, and the thalamic reticular nucleus. Indeed, these inputs comprise ∼90% of the afferents to these retinorecipient regions in adults (16, 26, 27) . A number of recent studies revealed that retinal innervation plays an instructive role in the recruitment of nonretinal inputs into the visual thalamus (28) (29) (30) . Retinal input has also been implicated in controlling the spatial distribution of interneurons within the dLGN (12) . Here, we used a genetic model that fails to generate connections between the retina and brain (31, 32) to demonstrate that, in the absence of retinal input, fewer GABAergic interneurons are recruited into the visual thalamus. Using transcriptomic approaches, we sought to understand the mechanisms underlying retinal input-regulated interneuron recruitment and identified fibroblast growth factor 15 (FGF15) as a candidate motogenic cue whose expression in the visual thalamus is controlled by retinal innervation. Loss of this FGF results in impaired migration of GABAergic interneurons into the dLGN and vLGN. Surprisingly, we discovered that this FGF is Significance Local inhibition, mediated by thalamic interneurons, contributes to the processing of visual information and is essential for vision. However, the mechanisms underlying the development of these interneurons remains unresolved. In this study, we sought to identify mechanisms that contribute to the long-distance migration of these interneurons into the visual thalamus. Our data show that innervation of the visual thalamus by retinal ganglion cells, the output neurons of the retina, is necessary for normal interneuron migration. Surprisingly, axons from these retinal ganglion cells appear to signal through astrocytes to contribute to thalamic interneuron migration. Astrocyte-derived cues may be a general mechanism for guiding interneuron migration throughout the brain. generated by thalamic astrocytes, suggesting a mechanism by which retinal inputs signal through astrocytes to induce the recruitment of GABAergic neurons into retinorecipient regions.
Results
Retinal Inputs Are Necessary for Interneuron Recruitment into the Visual Thalamus. To determine how and when GABAergic interneurons populate the main retinorecipient nuclei of the visual thalamus, we utilized a bacterial artificial chromosomal transgenic mouse expressing GFP under control of the Gad1 promoter (i.e., Gad67-GFP), allowing us to track GFP + interneuron migration (SI Appendix, Fig. S1 ) (12, 33, 34) . Nearly all interneurons in the dLGN are labeled in Gad67-GFP mice and GFP expression can be detected as early as postnatal day 0 (P0) (SI Appendix, Fig. S1 ) (11, 28, 33) . A large number of GFP + interneurons are also present in the vLGN of these mice; however, in this region these represent only a fraction of the total GABAergic neurons (SI Appendix, Fig. S1 ). Despite containing GABAergic neurons (SI Appendix, Fig. S1) (7, 23) , few GFP + cells were detected in the IGL of Gad67-GFP mice (SI Appendix, Fig. S1 ). Thus, while Gad67-GFP is a faithful reporter line for GABAergic interneurons in the adult dLGN, it labels only a subset of the diverse GABAergic cells in other regions of the visual thalamus.
During early development, the number and distribution of GFP + GABAergic interneurons in these regions differed from the adult profile in several ways. At birth (P0), the large majority of GFP + interneurons in the visual thalamus were found in the vLGN, with just a few observed in the dLGN (Fig. 1A ). Over the first week of postnatal development, this distribution shifted, with the dLGN showing a rapid increase and the vLGN a concomitant decrease in GFP + interneuron number ( Fig. 1 A, C, and D). Initially, interneurons clustered within the dorsolateral tier of the neonatal dLGN, just beneath the optic tract ( Fig. 1A) (12, 35) ; however, by the end of the first postnatal week GFP + interneurons were dispersed evenly throughout the entire dLGN ( Fig. 1A) . To track and quantify this progression, we divided the dLGN in half, and quantified GFP + interneuron numbers in the dorsolateral and ventromedial halves to generate a "top-to-bottom" ratio ( Fig. 1E ). At neonatal ages (P0 to P3), there was a significantly higher ratio (∼2:1) of interneurons in the dorsoventral half of the dLGN compared to older ages (Fig. 1E) .
These results reveal that the timing of interneuron recruitment and dispersion in the visual thalamus coincides with the refinement of retinogeniculate circuits (4) . Moreover, previous studies reported that retinal input directs the spacing and circuit integration of interneurons in the dLGN (12, 35) . For these reasons, we asked whether retinal inputs also influence the recruitment of interneurons into the dLGN and vLGN. To address this, we crossed Gad67-GFP mice to Math5 −/− mice, which lack RGCs and their central projections (SI Appendix, Fig. S1 ) (29, 32, 36) . Importantly, Math5 is not generated in the visual thalamus (29, (37) (38) (39) . Two important differences were observed in the distribution of interneurons in Gad67-GFP::Math5 −/− and Gad67-GFP mice ( Fig. 1B and SI Appendix, Fig. S1 ). In the absence of retinal input there was an overall reduction in the number of interneurons found in the vLGN and dLGN ( Fig. 1 B-D and SI Appendix, Fig. S2 ). Moreover, those remaining in the dLGN were clustered within the dorsolateral tier of the nucleus. At all ages there was a twofold increase in the top-to-bottom ratio of GFP + interneurons in Gad67-GFP::Math5 −/− mice compared with controls ( Fig. 1E ). Thus, retinal inputs are required for the appropriate migration of interneurons into and throughout the developing visual thalamus.
There are at least two possible mechanisms underlying reduced numbers of interneurons in the Gad67-GFP::Math5 −/− visual thalamus. The absence of retinal input may trigger programmed cell death in thalamic interneurons or may disrupt the targeting of migrating GFP + interneurons into the visual thalamus. To test for increased cell death, we immunostained sections of the mutant and control visual thalamus with antibodies directed against cleaved caspase 3 (Casp3), a marker of programmed cell death (40) . While Casp3 + cells were found in the developing visual thalamus of both Gad67-GFP::Math5 −/− and Gad67-GFP mice (as well as in the potential thalamic and tectal migratory paths of thalamic GABAergic interneurons) (12, 13) , none appeared to be Casp3 + /GFP + interneurons (SI Appendix, Fig. S2 ). This observation not only suggests that local interneurons may not undergo developmental programmed cell death in the visual thalamus of Gad67-GFP mice, it also ruled out the possibility that reduced numbers of GABAergic interneurons in the visual thalamus of Gad67-GFP::Math5 −/− mice result from increased programmed cell death.
Next, to test whether interneurons might be misrouted in the absence of retinal input, we examined the distribution of GFP + interneurons in adjacent regions of the dorsal thalamus, such as the ventrobasal complex (VB), which contains few resident GABAergic interneurons (SI Appendix, Fig. S1 ) (8, 41, 42) and which resides along one of the presumed migratory paths for thalamic interneurons originating from the wall of the third ventricle (12; but see also ref. 13) . At birth, few GABAergic interneurons were present in the VB of Gad67-GFP mice ( Fig. 2A) , and while the number of interneurons in the VB increased during the first two postnatal weeks, overall the total remained five-to sixfold lower than in the dLGN and vLGN ( Fig. 2 C and D) . Increased numbers of GFP + interneurons were present in the VB of Gad67-GFP::Math5 −/− mutants, starting as early as P7 ( Fig. 2 B , C, and E). We interpret the increased GFP + cells in the nonretinorecipient thalamus to be misrouted interneurons that were bound for the dLGN and vLGN; however, it is possible they came from other sources. To begin to shed light on this issue, we recently identified a gene (Asic4) expressed in most, if not all, GABAergic interneurons in the dLGN and a significant fraction of GABAergic cells in the vLGN (SI Appendix, Fig. S3 ). Importantly, this gene is not generated by many GABAergic neurons in other brain regions, including the hippocampus or VB (SI Appendix, Fig.  S3 ). However, Asic4 + cells were present in the VB of Math5 −/− mutants, suggesting that these cells were transcriptionally similar to GABAergic cells in the dLGN and vLGN (SI Appendix, Fig.  S3 ). Taking these data together, we interpret these data to suggest that LGN-bound interneurons may become misrouted into inappropriate thalamic nuclei in the absence of retinal input. Retinal Input Induces the Expression of FGF15. To investigate how retinal input regulates the recruitment of GABAergic interneurons into the visual thalamus, we assessed differential gene expression in the dLGN and vLGN in neonatal WT and Math5 −/− mutant mice ( Fig. 3A) (29, 39) . We focused our attention on genes that encode proteins capable of mediating intercellular communication, such as the extracellular matrix (ECM) proteins, morphogens, growth factors, and cell adhesion molecules. We identified one cue, FGF15, whose expression was reduced approximately fourfold in Math5 −/− mutant vLGN and dLGN ( Fig. 3 B and C). In fact, this was one of the only candidate genes identified that encodes a protein capable of mediating intercellular communication whose expression was significantly decreased in both the dLGN and vLGN of Math5 −/− mutants. A similar significant reduction in Fgf15 mRNA expression was observed in RNAsequencing (RNA-seq) analyses of Math5 −/− mutant dLGN (39) .
FGFs are secreted cell signaling molecules that regulate proliferation, migration, differentiation, and synaptogenesis in the developing brain (43, 44) . Unlike other FGFs, FGF15 has low affinity for heparin and, therefore, exhibits long-range actions (45) . This is particularly important in the developing thalamus, where distinct nuclei are compartmentalized and segregated by specialized ECMs (rich in both chondroitin and heparin sulfate proteoglycans [CSPGs and HSPGs, respectively]) that bind traditional FGFs and limit their dispersion and range of action (29, (45) (46) (47) (48) (49) . Thus, FGF15 exhibits unique features that make it an ideal candidate to recruit migrating thalamic and tectal GABAergic interneurons long distances into the developing visual thalamus (12, 13) .
This led us to evaluate the developmental regulation of Fgf15 mRNA expression in the dLGN and vLGN in previously generated RNA-seq datasets (38, 39) . In both regions of the visual thalamus, Fgf15 mRNA appeared highest at early postnatal ages (P3) and was largely absent by and after eye-opening (P12 to P25) ( Fig. 3 D and E). To confirm these data, we generated riboprobes against Fgf15 and performed in situ hybridization (ISH). At P3, we observed Fgf15 expression in the dLGN, vLGN, and other retinorecipient regions (e.g., the pretectum and superior colliculus [SC]), but Fgf15 was absent from other regions of the hypothalamus, thalamus (including the IGL), and midbrain ( Fig. 3 F and G). Interestingly, Fgf15 mRNA was present in the optic tract between the SC and visual thalamus, the second proposed migratory path of GABAergic interneurons of the dLGN (13) ( Fig. 3F ).
Expression of Fgf15 in all retinorecipient regions was transient, so that by P8 (and at all subsequent ages), few Fgf15-expressing cells were observed in the dLGN or vLGN (Fig. 3H ). Importantly, significantly reduced numbers of Fgf15 + cells were observed in the vLGN and dLGN of Math5 −/− mutants at P3 ( Fig. 3 I and J) , revealing that Fgf15 expression was regulated by retinal input.
FGF15 Is Required for the Recruitment of GABAergic Interneurons into the Visual Thalamus. The ability of FGFs to influence cell migration, the expression of Fgf15 along a potential migratory path of interneurons, and the regulation of Fgf15 expression by retinal input led us to hypothesize that FGF15 may be necessary for the recruitment of GABAergic interneurons into the neonatal visual thalamus. To test this, we employed Fgf15 −/− mutant mice, which lack functional FGF15, by deleting the entire third exon of the gene, which encodes for half of the protein, including the FGFRand heparin-binding motifs (50, 51) . While a significant fraction of Fgf15 −/− mutant mice die embryonically, some survive into adulthood (50, 52) . Fgf15 −/− mutants that survive are viable, and their size and activity during development appear indistinguishable from littermate controls. Importantly, despite Fgf15 expression in the embryonic retina (53, 54) , we observed no changes in retinal morphology or lamination in Fgf15 −/− mutants ( Fig. 4 A and B) . To assess whether the loss of Fgf15 impaired the generation or distribution of RGCs, we immunostained mutant and control retinas with an antibody against RNA-binding protein with multiple splicing (RBPMS), which specifically labels RGCs (55) . We observed similar numbers of RGCs in Fgf15 −/− mutants and controls (9.7 ± 1.8 [SD] RBPMS + RGCs/100 μm in controls vs. 9.5 ± 0.1 [SD] RBPMS + RGCs/100 μm in Fgf15 −/− mutants; n = 3). Similarly, immunostaining with antibodies against VGluT2, a synaptic vesicleassociated protein present only in retinal terminals in the visual thalamus (36, 56) , revealed no significant differences in the number or distribution retinogeniculate synapses in Fgf15 −/− mutants ( Fig. 4 C-E). The area of the dLGN was also not significantly different between age-matched mutants and controls (cross-sectional area of the dLGN in P14 control = 264,934.96 μm 2 ± 23,851. 17 [SD] and in P14 Fgf15 −/− mutant = 256,895.80 μm 2 ± 16,139.54 [SD]; two-way ANOVA F (1, 48) = 12.76, P = 0.087; n = 3). However, when we used riboprobes against Gad1, the gene encoding GAD67, to label GABAergic interneurons, we observed a significant reduction in Gad1-expressing interneurons in both the dLGN and vLGN in the absence of functional FGF15 ( Fig. 5 A-C). While the number of cells expressing Gad1 + was reduced in Fgf15 −/− mutants, we failed to detect changes in other cell types, such as the number or distribution of thalamocortical (TC) relay cells in the dLGN, which we labeled with riboprobes against the relay cell-specific gene Lrrtm1 (38) ( Fig. 5 D and E) .
While mRNA analysis of Gad1 + interneurons appears to suggest that FGF15 is selectively necessary for interneuron migration into retino-recipient regions of the developing thalamus, these data could also be interpreted to suggest that FGF15 regulates Gad1 mRNA expression by interneurons (12) . To distinguish these possibilities, we crossed Fgf15 −/− mutants to the Gad67-GFP mice, in which high levels of GFP are generated at early ages even when Gad1 mRNA levels remain low (33, 38) . Analysis in Gad67-GFP + ::Fgf15 −/− mice confirmed a reduction in GABAergic interneurons in both the dLGN and vLGN in the absence of functional FGF15 ( Fig. 6 A and B) . Reduced numbers of local inhibitory interneurons persisted in Gad67-GFP + ::Fgf15 −/− mutants beyond eye-opening, suggesting that the reduced number of cells was not merely a delay in thalamic development in the absence of functional FGF15 (Fig. 6 ). Moreover, reduced numbers of GABAergic cells in the visual thalamus of Fgf15 −/− mutants did not appear to result from decreased neuronal proliferation or increased programmed cell death, based on Otx2-and Casp3-immunostaining, respectively (SI Appendix, Fig. S4 ). Just as we observed increased numbers of GFP + interneurons in inappropriate regions of the dorsal thalamus in Gad67-GFP + ::Math5 −/− mutants (Fig. 2) , significantly increased numbers of GFP + cells were present in VB in the absence of functional FGF15 (Fig. 6) .
Deficits in interneuron recruitment in Gad67-GFP + ::Fgf15 −/− mice quantitatively phenocopy the decrease in GAD67-GFP + cells in the visual thalamus and the increase in nonretino-recipient thalamic nuclei in Gad67-GFP + ::Math5 −/− mice (Figs. 1, 5, and 6 ). However, we did not detect an alteration in interneuron spacing within the dLGN in Fgf15 −/− mutants ( Fig. 6 A and B) . Thus, while FGF15 is necessary for the recruitment of interneurons into dLGN, it appears that other retinal input-dependent mechanisms are required for the proper spacing of interneurons within this region of visual thalamus.
FGF15 Is Generated by Astrocytes in the Visual Thalamus. Since retinal input is required for FGF15 expression, we suspected that this FGF was generated by retinorecipient neurons in the dLGN and vLGN. To test this hypothesis, we performed ISH with Fgf15 riboprobes in P3 Crh-Cre::Rosa-Stop-tdT reporter mice, in which a population of dLGN TC cells are fluorescently labeled (38) . There was no coexpression of Fgf15 in tdT + TC neurons (Fig. 7A ). Since only a fraction of TC neurons are labeled in these mice at this age (and none are labeled in the vLGN), we confirmed that neurons in the visual thalamus do not generate FGF15 by assessing coexpression of Fgf15 mRNA with NeuN and Calbindin (CALB). Fgf15 mRNA was not detected in any NeuN + or CALB + neurons in the visual thalamus (SI Appendix, Fig. S5 ). Since not all interneurons are labeled by NeuN-immunolabeling, and are significantly reduced in number in the visual thalamus of Math5 −/− mutants, we next assessed Fgf15 mRNA expression in Gad67-GFP mice. We detected no colocalization of Fgf15 mRNA with GFP + interneurons (Fig. 7B ). Finally, we tested whether glial cells generate FGF15 by performing ISH for Fgf15 in Aldh1l1-GFP reporter mice, in which all thalamic astrocytes are labeled with GFP (57) . These data revealed that not all GFP + astrocytes generated Fgf15, but all Fgf15-expressing cells, were GFP + astrocytes ( Fig. 7C ) (100% of Fgf15 + cells were GFP + in both the dLGN and vLGN; 10.4 ± 2.3% [SD] of GFP + astrocytes were Fgf15 + in the dLGN; 14.2 ± 3.2% [SD] of GFP + astrocytes were Fgf15 + in the vLGN; n = 5). Similarly, Fgf15-expressing cells in the SC and the optic tract were Aldh1l1-GFP-labeled astrocytes (SI Appendix, Fig. S5 ). Taken together, these results suggest that retinal axons signal through astrocytes to induce the expression of FGF15 to influence GABAergic interneuron recruitment.
These unexpected results could be interpreted to suggest that either the number of astrocytes was reduced in Math5 −/− mutants (thus indirectly reducing the expression of Fgf15 mRNA) or that astrocytic expression of Fgf15 was dependent upon retinal input to the visual thalamus. To test whether there were reduced numbers of astrocytes in Math5 −/− mutants, we reexamined the expression of several astrocytic genes in the microarray dataset comparing the P2 WT and Math5 −/− mutant visual thalamus (29) . No significant changes in the expression of astrocyte enriched genes (Gfap, Aldh1l1, Slc1a2, S100b, and Aldoc) (57) were observed in the Math5 −/− mutant thalamus ( Fig. 8 A and B) . Moreover, a normal distribution of astrocytes was observed in the visual thalamus of both Math5 −/− and Fgf15 −/− mutants ( Fig. 8 C-N and SI Appendix, Fig. S6 ). Thus, changes in Fgf15 expression in the absence of retinal input does not appear to be the result of altered astrocyte numbers in the denervated visual thalamus, and instead suggests retinal input induces the expression of Fgf15 by astrocytes.
Discussion
A number of recent studies have revealed important roles for retinal input in patterning the cellular and molecular landscape of the developing visual thalamus (12, 25, 29, 30, 35, 39) . Here, we add to this emergent knowledge by demonstrating that retinal input regulates the recruitment of GABAergic interneurons into the dLGN and vLGN ( Fig. 9 ). Since the arrival and arborization of retinal input precedes nonretinal aspects of visual thalamus development (including the arrival of both GABAergic interneurons and nonretinal inputs) (12, 29) , we interpret these studies to suggest that molecular or activity-related signals from the retina influences their development. However, it is possible that the influence of retinal input is indirect. For example, the loss of retinal input accelerates both the loss of growth-inhibitory CSPGs from the dLGN (29) and the arrival of corticogeniculate axons (29) . In the context of studies here, the early arrival of corticogeniculate axons could be outcompeting migrating GABAergic interneurons for real estate in the developing dLGN. While this possibility may seem attractive since GABAergic interneurons and prematurely invading cortical axons occupy nonoverlapping domains of the perinatal Math5 −/− mutant dLGN (29) (Fig. 1) , it is unlikely to contribute to retinal input-dependent interneuron migration defects since these corticogeniculate axons do not enter or innervate the vLGN (58) . However, results presented here suggest an alternative indirect pathway for retinal input to influence GABAergic interneuron migration into the visual thalamus. Specifically, retinal input induces the expression of FGF15 by thalamic astrocytes and the loss of functional FGF15 impairs interneuron recruitment into both the dLGN and vLGN ( Fig. 9 ). Thus, our data suggest that astrocytes, both those in the visual thalamus and those in the migratory path of GABAergic interneurons, direct the long-distance recruitment of GABAergic interneurons from thalamic and tectal progenitor zones (12, 13) . This does not exclude the possibility that retinal axons also contribute to interneuron migration more directly. For example, RGCs could generate FGF15 and secrete it into the developing visual thalamus. While FGF15 is generated in the embryonic retina (53, 54) , we found no evidence that RGCs generate this FGF during neonatal development (SI Appendix, Fig. S5 ). Of course, RGC axons could also express or secrete other motogenic cues that contribute to interneuron recruitment or spacing in the developing visual thalamus.
Thalamic Interneurons Migrate through Growth Inhibitory ECM
Molecules. While the exact source of thalamic GABAergic progenitors and their migratory path are up for debate (12, 13) , it is clear that these migratory neurons are capable of crossing boundaries between thalamic nuclei (in WT mice and both mutants studied here). What is surprising about this is that thalamic nuclei are compartmentalized by growth-inhibitory CSPGs (29, (46) (47) (48) (49) . For example, Aggrecan, a CSPG that repels axonal growth and embryonic neuronal migration (59, 60) is significantly enriched in perinatal mouse dLGN compared to all other regions of the dorsal and ventral thalamus, including the vLGN (29) . Data presented here demonstrate that GFP + interneurons in Gad67-GFP mice are capable of migrating into both the dLGN and vLGN despite these significant differences in Aggrecan distribution. Similarly, misrouted GFP + interneurons in Gad67-GFP::Math5 −/− and Gad67-GFP::Fgf15 −/− mutants appear equipped to migrate across thalamic boundaries and into inappropriate thalamic nuclei with distinct CSPG expression (46, 48, 49) . At present, it is unclear how migrating thalamic GABAergic interneurons cross these CSPG-rich boundaries; however, neurotrophin or α3β1 integrin signaling are both sufficient to promote growth on inhibitory CSPGs in other brain regions (61, 62) . Cortical interneurons labeled in these Gad67-GFP mice are known to express neurotrophin receptors and α3β1 integrin (33, 63-65); therefore, it is possible that migratory thalamic GABAergic neurons also express these receptors.
Astrocytes Influence Thalamic Interneuron Migration. While roles for astrocytes and radial glial cells in directing neuronal migration in the neocortex, cerebellum, and other brain regions are wellappreciated (3, 66, 67) , they differ from the mechanisms identified here. For example, radial migration of excitatory neurons in the neocortex and cerebellum (and other brain regions) depends on glial-derived cell adhesion molecules (such as astrotactin, cadherins, neuregulin, and integrins) that promote contact-mediated adhesion between glial processes and migrating neurons (68) (69) (70) (71) (72) (73) (74) . However, cortical GABAergic interneurons do not migrate along glial processes, and instead are guided tangentially by chemoattractive and chemorepulsive cues, such as semaphorins, slits, neurotrophins, and chemokines (72, (75) (76) (77) (78) (79) . At present it remains unclear whether these chemoattractants or chemorepellents are released from astrocytes. However, we show here that astrocytes generate Fgf15 in the developing thalamus and, like the chemoattracts described above, FGFs have well-established roles as chemoattracts inside and outside of the nervous system (43, 80, 
81)
. FGFs, including FGF15, signal through FGFRs to regulate neural migration and circuit formation (43, 45, 82, 83) . Importantly, GABAergic interneurons express a number of these FGFRs during early brain development (44, (84) (85) (86) . Thus, results from the studies presented here suggest that astrocyte-derived FGFs may act as chemoattracts in the long-distance recruitment of GABAergic interneurons to the developing visual thalamus. As such, an important contribution of this work is that it is unique as a study implicating axonal innervation in regulating astrocyticexpression of a potential chemoattractant cue.
An unresolved question is how retinal inputs signal to astrocytes to induce Fgf15 expression. One possibility is that activity drives these events. Application of tetrodotoxin in thalamic slice cultures impairs the velocity of migrating interneurons within the dLGN (12) . Indeed, neurotransmitters, such as the glutamate released by retinal axons, have been shown to contribute to neuronal migration in other brain regions (87) (88) (89) . Whether neurotransmitters or neural activity alter FGF15 expression remains unclear. An alternative possibility is that Fgf15 expression and interneuron migration are dependent upon other factors secreted by retinal axons, such as morphogens, growth factors, and ECM proteins. For example, retinal axons are known to release Sonic Hedgehog (SHH) (90, 91), a known inducer of FGF15 expression (92) , and astrocytes express the canonical SHH receptors required to respond to gradients of SHH (90, 93, 94) . Of course, these possibilities are not mutually exclusive, and future efforts will be needed to tease apart the role of activity and axonderived factors in these aspects of thalamic development.
While our results suggest that astrocyte-derived FGF15 is essential for the recruitment of GABAergic interneurons, the loss of functional FGF15 did not phenocopy all of the defects in thalamic interneuron recruitment associated with the loss of retinal input (12, 35) . For example, the loss of functional FGF15 failed to influence interneuron spacing within these regions of the visual thalamus. This suggests that there are at least two mechanisms responsible for retinal input-dependent interneuron development in the visual thalamus, one that involves FGF15-dependent long-range migration of interneurons and another that controls interneuron dispersal within visual thalamic nuclei. In a similar fashion, distinct mechanisms contribute to GABAergic interneuron migration in the developing neocortex (3). For example, chemokine signaling is required for local, intracortical migration of interneurons but not for their long-range migration to the neocortex from germinal zones (76, 78, 79) . Unfortunately, chemokine expression in the dLGN and vLGN did not appear to be regulated by retinal input (29, 39) , so yet-to-be identified cues must regulate intrathalamic interneuron migration and spacing. Alternatively, cell adhesion molecules may contribute to interneuron spacing in the developing thalamus. In retina, the Down syndrome cell adhesion molecule (DSCAM) family of cell adhesion molecules regulates spacing, but not laminar distribution, of retinal interneurons (and RGCs) (95) . Our transcriptomic analyses indicate both DSCAM and DSCAML1 are generated in the developing vLGN and dLGN (38) , but their early postnatal expression in these regions seems to not depend on the presence of retinal inputs (29, 39) . Future studies are needed to identify and characterize RGC-or target-derived candidates that regulate interneuron spacing in visual thalamus.
Astrocyte Diversity in the Visual Thalamus. On a final note, it is worth mentioning that only a fraction of astrocytes in the visual thalamus express Fgf15, even in the presence of retinal input. It is possible that such diversity merely represents asynchronous expression of this FGF by developing astrocytes. However, astrocytes in regions of the visual thalamus that lack GFP + GABAergic interneurons in Gad67-GFP mice (such as the IGL) do not generate FGF15. Thus, we interpret these results to suggest a heterogeneity of thalamic astrocytes, not only between different regions of the visual thalamus but even within a single nucleus. With advances in single-cell transcriptomics, we are better defining such heterogeneity between neuronal subtypes in the developing or adult brain (for example, GABAergic cortical interneurons) (1, 96, 97) . However, our understanding of astrocyte diversity in most brain regions remain limited. Moreover, our understanding of cellular heterogeneity in the vLGN and dLGN (at the transcriptome level) also remains limited (14, 98) . Analysis of the data from one of these studies hints that at least two populations of transcriptionally distinct astrocytes do indeed exist in the developing dLGN (14) . Of course, more traditional immunohistochemical approaches already support the notion of astrocyte heterogeneity in the visual thalamus; for example, astrocytes in the IGL differ significantly from those in the adjacent retinorecipient nuclei (58, 99) . What defines these unique populations of thalamic astrocytes and what specific functions they exhibit in the thalamus remain to be identified.
Materials and Methods
Mouse Lines and Husbandry. C57/BL6 mice were obtained from Charles River or Harlan. Gad67-GFP mice (stock #007677) were obtained from the Jackson Laboratory. Crh-Cre mice (stock #030850-UCD) were obtained from the Mutant Mouse Resource and Research Center. Math5 −/− (stock #042298-UCD) (32), Fgf15 −/− (stock #032840-UCD) (50) , and Aldh1l1-EGFP (stock #011015-UCD) mice were obtained from S. W. Wang, University of Texas MD Anderson Cancer Center, Houston, TX, S. Kliewer, University of Texas Southwestern Medical Center, Dallas, TX, and S. Robel, Virginia Tech, Roanoke, VA, respectively. Mice of both genders have been used in this study. Mice were housed in a 12-h dark/light cycle and had ad libitum access to food and water. All experiments were performed in compliance with National Institutes of Health guidelines and protocols and were approved by the Virginia Polytechnic Institute and State University and the University of Louisville Institutional Animal Care and Use Committee.
Tissue Preparation and Immunohistochemistry. Deeply anesthetized mice were transcardially perfused with PBS (pH 7.4) and 4% paraformaldehyde in PBS (PFA; pH 7.4). Brains were excised and postfixed overnight in 4% PFA, then transferred to PBS. Using a vibratome (Leica VT1200S), thalamic sections (70 μm) were cut in the coronal plane. Sections including the vLGN, dLGN, lateral posterior nucleus, and VB were collected, mounted with Prolong Gold (Invitrogen), and cover-slipped for confocal microscopy. For immunohistochemistry, tissues were cryopreserved in 30% sucrose solution for 2 to 3 d, embedded in Tissue Freezing Medium (Electron Microscopy Sciences), and cryosectioned (16- Riboprobe Production. pCMV-SPORT6 Plasmids carrying Fgf15 (cat #5066286) and Lrrtm1 (cat #5321979) were obtained from GE Dharmacon. Gad1 1Kb cDNA (corresponding to nucleotides 1099 to 2081), Asic4 1.1Kb cDNA (corresponding to nucleotides 1173 to 2320), and Gja1 1.1Kb cDNA (corresponding to nucleotides 714 to 1854) was generated using SuperScript II Reverse Transcriptase First Strand cDNA Synthesis kit (cat #18064014, Invitrogen) according to the manufacturer's manual, amplified by PCR using primers mentioned in the primers list, gel purified, and then cloned into a pGEM-T Easy Vector using pGEM-T Easy Vector kit, (cat #A1360, Promega) according to the kit manual. Sense and antisense riboprobes against Fgf15, Lrrtm1, Gja1, and Gad1 were synthesized from 5-μg linearized plasmids using digoxigenin-(DIG) or fluorescein-labeled uridylyltransferase (UTP) (cat #11685619910, cat #11277073910, Roche) and the MAXIscript in vitro Transcription Kit (cat #AM1312, Ambion) according to the kit manual. Five micrograms of Riboprobes (20 μL) were hydrolyzed into ∼0.5-kb fragments by adding 80 μL of water, 4 μL of NaHCO 3 (1 M), 6 μL Na 2 CO 3 (1 M) and incubating the mixture in 60°C for specific amounts of time determined for each probe by the following formula: Time = (X kb − 0.5)/(X kb × 0.055), where X is the full length of the RNA probe. RNA fragments were finally precipitated in 250 μL 100% ethanol containing 5 μL acetic acid, 10 μL NaCl (5 M), and 1 μL glycogen (5 mg/mL). Finally, the riboprobes dissolved in 50 μL of RNase-free water.
In Situ Hybridization. ISH was performed on 16-μm sections prepared as described previously (63, 100) . Slides were air dried for 30 min at room temperature and washed with PBS for 5 min to remove OTC. Sections were fixed in 4% PFA for 10 min, washed with PBS for 15 min, incubated in proteinase K solution (1 μg/mL in 50 mM Tris PH 7.5, 5 mM EDTA) for 10 min, washed with PBS for 5 min, incubated in 4% PFA for 5 min, washed with PBS for 15 min, incubated in acetylation solution (196.6 mL water, 2.6 mL triethanolamin, 0.35 mL HCl, 0.5 mL acetic acid) for 10 min, washed with PBS for 10 min, incubated in 0.1% triton (in PBS) for 30 min, washed with PBS for 40 min, incubated in 0.3% H 2 O 2 (in water) for 30 min, washed with PBS for 10 min, prehybridized with hybridization solution (50 mL of Sigma 2× prehyb solution, 25 mg Roche yeast RNA, and 8 mg heparin) for 1 h, hybridized with 50 μL of heat-denatured diluted riboprobes (1 to 2 μL of riboprobe in 50 μL hybridization solution heated for 10 min in 70°C), mounted with coverslips and kept at 60°C overnight. On day 2, coverslips were gently removed in 60°C preheated 2× saline-sodium citrate (SSC) buffer, and slides were washed five times in 60°C preheated 0.2× SSC buffer for 2 to 3 h at 60°C. Slides were washed three times with Tris-buffered saline (TBS) and blocked for 1 h with blocking buffer (0.2% Roche blocking reagent, 10% lamb serum in TBS) prior to overnight 4°C incubation with horseradish peroxidase (POD)-conjugated anti-DIG or antifluorescent antibodies (cat #11426346910 and cat #11207733910, Roche). On day 3, bound riboprobes were detected by staining with Tyramide Signal Amplification (TSA) system (cat #NEL75300 1KT, PerkinElmer). A minimum of three animals (per genotype and per age) were used in all ISH comparison experiments.
Quantification of the Number and Distribution of Interneurons.
To quantify the number of interneurons within each region, z-stacked datasets were uploaded into Imaris software (Bitplane, v8.4.1) and ImageJ (v1.50h, NIH). DAPI was used to delineate the borders of thalamic nuclei. Cell counts were obtained from three sections within the middle of each region. Final values were the average of cell counts from at least three mice. To determine the distribution of interneurons in the dLGN, we divided the dLGN into "top" and "bottom" sections. Three straight lines (Straight, Segmented tool) were drawn across the width of the dLGN: The bottom border, the widest point, and the top. The midpoints of each line were then connected. The total number of interneurons in each sector was calculated and used to generate a top-to-bottom tier ratio. A t-test or two-way ANOVA analysis (Prism 7.0) was used to determine any significant change in the number and distribution of interneurons between groups. The post hoc Holm-Sidak test was applied twice to allow for multiple comparisons within and between group across postnatal weeks. To compare the ratios of cells between the dLGN and other thalamic nuclei χ 2 analysis was performed.
Quantification of the Density and Intensity of Staining. Intensity and density of the signals in immunostained images of the dLGN, vLGN, and visual cortex were measured in ImageJ. Three to seven animals (three sections per animals) were analyzed per genotype and age and the mean values were compared between groups. A t-test or ANOVA was used to determine any significant difference of the mean values between groups.
Data Availability. Microarray and RNA-seq experiments on the developing visual thalamus in WT and Math5 −/− have been made publicly available and are described in refs. 29, 38, and 39 . All other data presented here are included in the main text and SI Appendix.
